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I. INTRODUCTION AND SUMMARY

The possibility of creating a stable, efficient scatter propagation
communication path below the 1onsphere has been investigated by General
Mills, Inc. This communication path would be free from interruptions due
to ionospheric storms. Quite often communication by sky wave propagation
is made impossible at any frequency and only ground waves and tropo-
spheric scatter are useful for propagation beyond line-of -sight. Neither
the low frequency channels, which must be resorted to for efficient ground
wave transniission, noi tropospheric scatter circuits are very useful for
tactical communication purposes. Both require high power, and elaborate
antenna structures. Communication by tropospheric scatter is normally

limited to a few hundred miles.

At present it 18 possible to re-establish high frequency communication
paths by using high flying aircraft as radio relay stations. Two points 630
miles apart can be linked by one aircraft flying at 50, 000 feet at the path
midpoint. This solution 1s quite expensive. Also. because it would very
likely take an hour or two to get an aircraft at the proper location it 18 not
feasible in coping with a sudden ionospheric disturbance which may only

last 30 minutes.

The general approach taken in this study was suggested by Dr. William
J. Thaler of the Office of Naval Research: Efficient scattering elements
are to be generated and placed in the lower stratosphere within line of sight

of two stations wishing to communicate.

The majority of the work on this contract has centered on two impor -
tant considerations; one, what will do the job of scattering, and two, how
can we place the scatterers i1n the proper position and maintain them there.
To be considered workable the scattering system must be capable of ful-

filling the requirements of both considerations.

-



From the investigation of forward scatter theory an efficient scattering
system was developed. This scattering system consists of a number of
tuned dipoles tied together such that scattered energy from each 1s 1n phase
at the receiver. Because of this coherence effect the number of dipoles
required is so small that it is feasible to consider using only one dipole
network as the scattering medium. This network could be suspended from

or printed on the surface of a balloon.

By utilizing a relatively sophisticated scattering system such as the
above, the mass of the scattering system to be sent aloft 18 minimized.
This is very important when one realizes that in many cases the scattering

system would have to be replaced every few hours due to weather condi-

tions.

Delivery by rocket appears feasible because the scattering system
would be light in weight and collapsible for packaging in a small space.
Also, the likelihood of frequent scatterer replacement make rocket

delivery attractive. This possibiiity 18 examined for the proposed system.

The proposed program includes development of techniques for release
and inflation of the scattering system from a small rocket and the conduc-
tion of field tests for verification of the theoretical and laboratory work on

scatterers performed on this contract.

This study is to some extent incomplete in that a portion of the pro-
posed study was not funded. The unfunded portion of the study was to be an
investigation of scatterers whose electrical scatter cross section is large
compared to their mechanical cross section. Results of such a study might

naturally change our present views.
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II. SCATTERING BY ARTIFICIAL DEVICES

In application to radar, scattering by artificial devices has been given
considerably attention, whereby such devices, mostly of the shape of tuned
dipoles, are dispersed in the atmosphere as a countermeasure against the
operation of a radar set. Since, 1n general, such radars are monostatic
we have a highly special case of back scattering. The theory of back
scattering holds, even for bistatic radar systems, because the angle
formed by the incident and scattered ray paths is rarely greater than 90
degrees. In application to communication one wculd like to provide a
propagation path beyond the horizon. Therefore, the angle between the
incident and the scattered ray paths is sometimes close but never equal to
180 degrees, especially if the scatterers are dispersed at lower altitudes.
It will be shown that in this case of forward scattering, special phenomena
can be explored which would lead to a greatly increased effectiveness of the
scatterers. This is of vital importance tc make long range communication

by means of artificial scatterers feasible at all.
A. TLke Scatter Communication Path

1. Scatter Path Geometry

It is assumed that a single -hop transmission according to Figure 2-1
must be achieved between the transmitter T and the receiver R. To be
effective at all, scatterers must be dispersed within the space that is above
the two planes which are tangential to the earth at the locations of T and R
and below the D layer of the 1onosphere. For a detailed discussion of this
volume refer to Appendix A. The optimum location is near the intersection
S of the two tangential planes and the plane through T, R and the center of
the earth because the total propagation distance 2r 18 a minimum and
approximately equal to the total ground distance d. The angle between the

ray paths and the horizontal plane through S is §, and the minimum height
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Figure 2-1. Scatter Path Geometry

of scatterers is h, which is always very small compared to the radius of

the carth@. Therefore the simplified relations apply

r = \zen, (2-1)
Venie = 22 . (2-2)

We learn from Equation (2-1) that little range can be gained from an

S
]

increase of the height. On the other hand an increase of height rapidly
increases the problem of dispers:on and suspension of scatterers; there-

fore, some reasonable assumption of the height will correspond to a total
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propagation range which cannot be greatly extended without requiring
tremendous efforts in the deployment of scatterers. It seems that an

assumption of

h = 30 km ( ~ 100, 000 feet) (2-3)

18 very reasonable so that

r = 715 km (445 miles) , (2-4)

d = 1430 km (890 miles) , (2-7)
and

p = 0.084 rad. (4.8 degrees) (2-6)

if a modified earth radius of @= 8500 km is used to take refraction of the

rays 1nto account,

2. Scatter Path Efficiency

The propagation efficiency of the entire path can be defined by the

ratio of the received and the transmitted powers PR and PT:

2
(2-7)

R SIS
T 40 r 49 r 47
Thereby, the first termi describes the normalized intensity at the scatterers,
the second adds the effect of the transmission from the scatterers to the
ground, while the third term shows how much power is admitted by the
receiving antenna. Specifically, GT and GR are the gains of the trans-

mitting and receiving antennas, respectively, 3 is the integrated bistatic
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scattering cross section of all scaiterers and A the wavelength. If we

compare the efficiency of the scatter propagation with that of the direct

transmission

2
G.p Gp A
e, = 5 (2-8)
49 d 47
we obtain the scatterer efficiency
e L2
® T T T2 Loy
o qr

which shows the immense disadvantage of any scatter propagation over a
direct propagation as 2 will always be many orders of magnitude smaller
than the area of 'frz. The scatterer efficiency also shows that multiple

hop scatter propagation 1s highly unfeasible.

Although no specific system requirements were given, some numerical

data may help to illustrate the scatter prcblem. We assume

A = 10m, 3
GT = 25,
\ (2-10)
GR = 43
d = 1430 km . J

Hence we obtain for (2-7)

e, = 0.31 - 10719 (105 ab) . (2-11)



At a wavelength of 10 meters the primary system noise source i8
cosmic noise. In a recent tutorial article on sky-noise temperaturel.
Hogg and Mumford arrived at the following simple relationship between
wavelength and average effective sky-noise temperature due to cosmic

noise;

-2§% = )2 , (A 1n meters) . (2-12)

The sky-noise temperature may be as high as five times the average and as

low as one-fifth this average depending on antenna orientation. Hence the

maximum noise temperature may reach

T, = 5x 290 x 102 = 145,000°K . (2-13)

If it is assumed that all antenna side lobes are also affected by this

same cosmic noise, the noise at the antenna terminal PN 18 1independent of

the antenna characteristic:

PN = ch B (2-14)
where:
B = system bandwidth ,
k = Boltzmann's constant ,

For a 3-kc noise channel the cosmic noise at the antenna terminals is

Py = 60 x JoreC Roaceat: (2-15)
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If 1t 18 assumed that a unity signal-to-noise ratio 1s sufficient to esta-
blish communication, the received signal power could also be 60 x 10-16

watts,

If we finally assume a transmitted power level of

Pp = 2.5kw, (2-16)

the propagation efficiency must be according to (2-7)

e = 2.4 10718 176 uby . (2-17)

Hence the scatterer efficiency must be at least

e = 7.75 - 1078 (.71 db) . (2-18)

and the total scattering cross section should be according to (2-9).
- r® = 12.4 . 10* m®, (2-19)

B. Artificial Scatterers with Raundom Spacing

When large numbers of individual scatterers are employed we may
conservatively assume that each scatterer contributes a randomly phased
wave at the receiver. We may further assume that the scatterers are dis-
persed so widely that no near-field coupling exists and that the cloud of
scatterers remains highly transparent so that each scatterer can contribute
1its full share to the scattered signal. This means that the field strength at
the receiver 18 determined by the Rayleigh distribution and the average

intensity 18 the sum of the intensity of all n scatterers or
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S =nt6, (2-20)

where 6 18 the cross section of an individual scatterer and & 1s the cross

section of the large population of scatterers.

1. Small Metallized Bubbles

Spherical conductive scatterers as obtainable by metallization of small
plastic bubbles have a radius a, whichi1s small compared with the wave -
length, so that Rayleigh's law can be applied. Accordingly, the scattering

characteristic 1s that of a dipole with a cross section of

4
2’;") T a® = kT a’. (2-21)

91

Since the dipole characteristic affords a gain of 1. 64 i1n the plane nor-
mal to the polarization vector the scattering cross section in the vicinity of

this plane is about

4
foa) r”-‘_1‘2.

6 = 1l.6s = 14.4( (2-22)

This law describes the cross section fairly well up to an a/Ax ratio of 0. 1.
Expression (2-22) indicates the advantage of large spheres from the view
point of electromagnetic scattering properties. However, within the range
of sizes of plastic bubbles which can be fabricated by proven methods, a

radius of ]| mm is on the large end.

Laboratory experience shows tha* a dependably conductive metal film

should be

e Y= (2-23)




thick. Therefore, the volume of the matal film of one sphere 18

m = 4a°7d . (2-24)
With the 1id of (2-24) we can express (2-22) 1n terms of m and obtain

2 3

- m
6 = 3.65 T—;) d ° (2’25)

Again, we see that the larger spheres produce a rapidly increasing advan-
tage 1n the utilization of the metal as long as Rayleigh's law apphes.

Therefore, the largest bubbles should be considered.

From (2-20) and (2-22) we derive

4
2 ) — (2-26)
14.4 (277a) T a

With £ as 1n (2-19), a = lO'3 m and A = 10 m we obtain
S | (2-27)

The total volume of the metal coating becomes according to (2-24) aud

(2-27)

M =n-m= 221 - 108m3. (2-28)

This figure shows that the uncontroiled dispersal of such small bubbles has

absolutely no chance of success.
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2. Large Metallized Balloons

Rayleigh's law indicates that small spheres have a scattering cross
section which is much smaller than their physical cross section ¥ a2 due to
the factor of k in (2-21). For large spheres, 1.e., a/A &« 1 the two
cross sections can be set equal. In the intermediate range resonance
effects can even give an increase of the scattering cross section over the
value of the physical cross section. For large spheres the reflection

characteristic 1s isotropic. In this case

6 = 7 a. (2-29)

Again, we assume an uncontrolled dispersal for which random phasing of

the contributions of i1ndividual spheres applies. Thus, we may write

g (2-30)
T a
and
M=n-m=4d% = 4.96 - 10 °m>. (2-31)

This figure is quite reasonable and means a total weight of 13.5 kg of
aluminum. However, i1f the number of spheres 18 determined. this approach
18 no longer appealing. For example. 1f balloons with a diarneter of 20 m

(66 feet) are used, 395 of these balloons are required.

The optimum size of a spherical scatterer 1s

a = 0.17 >\r (2-32)
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so that

k = 3.75 , (2-33)
In thi1s case
_2.94 2
n = ——Xr—z-—- > (2-34)

This leads to 3650 balloons of 3.4 m (l! feet) diameter.

Although a system with large balloons would be technically feasible, it
cannot be recommended because of the high cost of the continuous replace-
ment ‘vhich 1s required for a reliable communication system. Moreover,

the straying balloons will also impose a major problem.

3. Resonating Devices

By far the lowest weight penalty 1s associated with resonating devices.
The simplest and best understood form 1s the half-wavelength dipole.
Although a resonating device leaves no choice of the frequency, there is a
sufficient bandwidth for any signal spectrum. The natural mode of radia-
tion for which a dipole can be matched as a link between the dipole and a
load 1s the spherical wave. However, if the matched dipole 1s corpled to a
plane wave system, only half of the intercepted energy will be received
while the other half 18 scattered into the spherical wave. If the dipole is
short circuited all of the intercepted energy will be found i1n the scattered
wave. The amount of intercepted erergy 1s determined by the intercepting

. ross s -tion or scattering cross section of the short circuited loss-less

dipole

¢ = 0.238 A, (2-35)



In contrast to this value one frequently finds the receiving cross section

given as 0. 119 AZ.

With (2-35) we can derive the minimum number of scattering dipoles

according to (2-20) and find for the above situation

4
. 1e2.4 ‘07 - 5220 . (2-36)
0 238 - 10

Since the matched impedance of a dipole 1s 73 ohms, a considerable resis-
tance can be tolerated in the dipole before the scattering cross section 1s
appreciably reduced. This means that an extremely thin wire 1s all that 1s
needed. Because of the skin effect a metallized plastic strip should be
considered. However, one must make sure that the dipoles maintain an

outstretched position parallel to the polarization vector tu be fully effective.
C. Coherent Scattering by Diffraction Gratings

The random dispersion of scatterers results in an 1nefficient forward
propagation because the phases of the individual contributions are also
randomized. Ir the case where the number of scatterers 1s lurge, the
pay -off would be tremendous 1f scatterers could be dispersea 1n controlled
locations so that phase coherence of the forwasd propagation could be
achieved. Actually, there 1s always perfect phase coherence for the for-
ward scatter propagation 1if the receiver 1s located along the straight hne
from the transmitter through the scattering cloud. This 1s because the
total propagation distance from the transmitter to the receiver via the
scatterer is independent of ‘he location of the scatterer provided the
lateral width of the scatterer cloud 1s within certain limits. It is also
important that the scatterers shift the phase by the same amount, which
could be expected from 1dentical artificial scatterers. Thus, the question
may be posed whether there 1s a locus where scatterers should be placed

so that all individual contributions are phase coherent at the receiver.



Figure 2-2 1llustrates the answer to this question. It shows the two
terminals and the cross section of an ellipsoid whose two foci coincide with
the terminals. Since the sum of the distances of any point on an ellipse to
the foci is constant, we should disperse scatterers over that part of an
ellipsoid which has the two terminals as foci1 and which extends into the
common space above the two horizontal planes through the terminals.

Since a phase shift of a not too large multiple of 2% has no effect on the
transmitted signal we can also include a number of adjacent concentric
ellipsoids as permissible locations for our scatterers. If the phase dif-
ference becomes a large number of cycles the delay difference could

reduce the useful signal spectrum.

An arrangement of scatterers along the ellipsoidal surface 1s in prin-
ciple a three-dimensional diffraction grating with a major lobe directed
toward the receiver. The side lobes of this diffraction pattern are at the

low level of the back and bistatic scattering due to random build-up.

Figure 2-2. Locus of Scatterers for Phase Enhancement



Since the geographical dimensions of the propagation path are very
large in terms of the wavelength, we can assume for all practical arrange-
ments that the diffraction grating is formed by a set of parailel equidistant
planes. The spacing of these planes can be derived from Figure 2-3. It
shows two adjacent planes, m and n, on which two scatterers, Sm and Sn’
are located above each other. Two parallel rays, 1 and 2, whose phase
fronts are parallel to X Sm are scattered at Sm and Sn respectively so that
in the direction of rays 1' and 2' phase coherence parallel to Y Sm results,
Since the two scatterers are alike, the delay of ray 2-2' over ray 1-1'

amounts to a {ull cycle. This means

X5 _+5 Y - 257 = M. (2-37)

Hence from triangle SmSnY we derive

A A
S = m ~ w ) (2-38)
with @ as in (2-6) we get
S = 5.95A X 6A. (2-39)

While the lateral distribution of the scatterers within the planes of the
grating can be absolutely uncontrolled provided enough spacing is allowed
to maintain a maximum contribution by each scatterer, vertical deviation
from the plane should be limited to a range such that a positive contr.bution
to the signal strength is assured. This corresponds to a phase delay of

+ /2. In other words, the scatterers may occupy layers of s/2 or 3 A
thick. A more conservative requirement would keep the contribution of
each scatterer with'n 3 db of the maximum value which corresponds to

layers of s/4 or 1.5 A thick.
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Figure 2-3. Spacing of Planes

D. Coherent Scattering in a Refractive System

If a scattering system can be devised so that phases are advanced by a
linearly 1ncreasing amount for rays arriving in a higher level or that
phases are retarded for rays arriving in a lower lcvel, we would have a
refractive system which can be compared to a prism except that the effect
is caused by i1ndividual scatterers rather than by a continuous medium.

Therefore, part of the radiation will go straight through.

A dipole can be modificd so a positive or negative phase shift 1s
affected. The principle 1s illustrated in Figure 2-4. The half-wavelength
dipole 1s not directly short circuited but connected tc a transmission line on
which a movable short is located at a distance of one-half wavelength. If
the characteristic impedance of this transmaission line 1s matched to the
73.5 ohms of the dipole impedance, half of the power intercepted by the

dipole w:ll be scattered immediately, while the other half travels down the



Dipole

Tunable Transmiss:ion Linc

— o T B 3 == e S T
Intercepted ™ = _D |

Energy ’*(" B —
-

Scatterer Energy

Figure 2-4. Dipole with Phase Shaft

line to the short where it is reflected back to the dipole and then radiated
with a phase delay of one cycle. Thus, the circuit 2 1s equivalent to the
short-circuited dipole over a certain bandwidth. 1f, however, the short on
the transmission line 18 moved forward or backward, the phase of the
reflected wave is advanced or retarded respectively. The effect on the
resulting scattered wave 1s illustrated by the phasor diagram of Figure
2-5. Phasor A symbolizes the immediately scattered wave, while B
symbolizes the wave transmitted by the dipole after having travelled twice
through the transmission line. Although the phase shift 2 \Vof B 1s un-
limited, the resulting phase shift of the sum phasor C1s limited to + 7 /2

whereby the amount of C varies as

|c) = Co cos y . (2-40)

Because of this phase limitation, the refractive effect 18 limited to layers

of scatterers of a thickness of s/2.
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A more practical form of a phase shifting scatterer 1s a one-half-wave-
length dipole with a reactive load, either a capacitance to advance the phase
or an inductance to retard the phase. But the most attractive is a short-
circuited dipole whose length 1s varied. The equivalent circuit of a dipole
is illustrated in Figure 2-6. It describes the characteristics of a dipole in
the vicinity of the fundamental resonance fairly well. The dipole is
assumed to be loss-less so that Ra 1s the radiation resistance. According

to Jordanz. the relations exist

ZO
La = m; ) (2-41)
C, = ——=— (2-42)
2 gt 2z
r (o]
nZ,
Q = -Tra , (2°43)
2
L 4H
R = (—7\_) R, (2-44)
o 2H
z, = 120 [ln 122y . 1]. (2-45)

Hereby, most of the quantities are explained by Figure 2-6 and

A = 4H, (2-46)
f = < - CH (2-47)
r



Figure 2-5. Phasor Diagra:. of Scattcred Wave

Ca L
o——| H Y

O-

Figure 2-6. Dipole Equivalent Circuit
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Hence (2-41) and (2-42) become

_ 4H .
La = Te ZO C (2-48)
_ 8H | )
Ca = == 5 (2-49)
M ¢ o}

Now (2-44), (2-45), (2-48), and (2-49) define the circuitof Figure 2-6 1n
terms of the dipole length k'  The input voltage e _1s the electromotive
force due to the incident radiation, while the voltage v across the radia-
tion resistance generates the scattered spherical wave. Thus we are

interested in the complex scattering factor

R .
k = — = - — = |k] eV (2-50)
r Ra+_](WLa -—C;)

as a function of the dipole length H. From (2-50) we derive

Ra
k| = (2-51)
2 12
VRa t(wh, - —=—)
a
and
wl, - -
W = arc tan R (2-52)

If we introduce the expressions (2-44), (2-45). (2-48) and 2-49) and
normalize the antenna length with respect to the length of the tuned antenna

according to



p - (2-53)

we obtain

(k| = ‘ - (2 -54)

and

i ! ) J 2o ]
Y = arc tan{(h --H)301r[ln(hﬁ) 1 / h HU} . {2-55)
Numerical evaluation was carried out for

- Ao
R, = 73.5 and 5= = 20,000 . (2-56)

This means that for a wavelength of 10 m as 1n the above example the
antenna would have a tuned length of 5 m and a diameter of 0. 5 mm (AWG 24).
The result 1s shown 1n the diagram of Figure 2-7. The sinusoidal shape of
|k | = f(y) indica‘es that the effectivness of the phase shifting dipoles fol -
lows the same trend :1egardless of whether the length 1s varied or the length
of a short-circuited transmission line 1s changed. The curve h = { (y)

shows that the linear relation between dipole length and phase 1s restricted
to +45 degrees and that phase shifts near +80 degrees and more cannot be
realized regardless of how long the dipole 1s made In addition. one must

be cautious 1n apply.ng the theory for dipoles which are 150% and more of

the tuned length.
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It 15 quite obvious that the diffraction grating can be combined with the
refractive effect so that refractive layers are repeated to form a diffractive

grating.

In paragraph C (coherent scattering by diffraction gratings), we found
that dipoles are not uniformly effective 1f they are spread out above or
below the surface of an ellipsoid and we also determined the thickness of a
layer over which any positive contribution could be made by a scatterer.
From Figure 2-5 we can derive that the contribution varies as the cosine of
the phase error. Now we see that by means of phase shifting scatterers we
can eliminate the phase error, but found that the amplitude drops off as the
cosine of the phase shift. Thus., 1t seems that we have not gained anything.
This is true 1f we weigh scatterer against scatterer However, 1f we com-
pare the scattering cross section, we see that the tuned dipole maintains a
full scattering cross section while that of the phase shifting dipole changes
as indicated by 1ts contribution. Thus, we could compensate for this effect
by packing the phase shifting dipoles more densely than the tuned dipoles
since more radiation is transmitted straight through a cloud of phase shift-

ing or detuned scatterers than through a cloud of tuned scatterers.

E. Practical Scattering Systems

1. Characteristics of a Ten-Meter System

Without tying the scatterers together mechanically, it does not seem
possible to maintain them in the proper vertical relation while they may be
free to shift laterally. First, let us see how many dipoles are needed if
they are arranged to give maximu.n phase coherent scattering. As in the
previous examples, system wavelength 1s 10 meters. Since the received
signal power increases as the number of the non coherent scatterers (while
it increases as the square of the number of coherent scatterers), we can

start from the previously computed example of the non-coherent system,
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which required 5220 dipoles as 1n (2-36) and find the number of coherent

dipoles required as

n' = \/5220 = 73 . (2-57)

If the dipoles are distributed over the maximum thickness of a layer pro-
viding positive contribution, the average contribution drops to the average

of a cosine distribution, namely 2/f . Therefore., one should use
’-/
n = 2L - 414 (2-58)

dipoles.

Unless there 1s strong objection against vertical polarization, 1t should
be used as dipoles can easily be oriented vertically by the aid of gravity.
Horizontal polarization would require crossed dipoles or other arrange-
ments with twice the number of dipoles unless some technique can be
applied which keeps the dipoles i1n transversal orientation with respect to

the propagation path.

The easiest way to control the proper relative position of a number of
vertical dipoles 1s to connect them in a chain. If all dipoles were i1ncluded
in a single chain a length of 116 A/2 = 572 = 570 meters would 1esult,
Since we can occupy only layers of 3 A thick with equally wide empty
spaces, the total length of the scattering system would be 1140 m. The
disadvantage of such arrangements 1s the extremely narrow vertical beam-
width of about 0.5 degree. This may require a control of the altitude to
prevent the beam from miss ng the receiver locaiion. Therefore, several
parallel chains would be more attractive. For example, 5 chains of 24
dipoles distributed over 4 diffraction layers of 6 dipoles per layer per
chain offer an attractive system. All 5 chains could be suspended on a

ballocn of 5 meters radius as 1llustrated in Figure 2-8. Such a balloon
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could hift 4 pounds payload to an altitude of 30 km. If the chains are made
of metallized Mylar strips, spaced and insulated by strips of clear Mylar,
one could easily stay within the payload. The distance between chains 1s
A/2 and should be sufficient to give each chain its full share of illuminating
power. The vertical beamwidth of 210 meters long scattering system
becomes about 2. 7 degrees while the horizontal beam would cover at least
60 degrees so that the receiver can be reached over a wide geographical
area. Thus one simple and inexpensive balloon-borne scattering system
would suffice to provide a communication link between the ground stations
over about 900 miles. In contrast to other non-coherent scatter propaga-
tion systems, this coherent svstem does not cause scintillation of the

signal.

2. Characteristics of a One-Meter System

No attempt was made to determine the optimum frequency for this
technique, since many operational factors would enter the picture. How-
ever, from the technical point of view, 1t is interesting to see how some
parameters would change so that one would be 1n a better position to

appraisc the vaiuve of an artificial scatter communication system.

To investigate longer wavelengths did not seem to be rewarding
because of the increased dimensions of the scattering array. Also, less
gain can be expected for the antennas at the terminals. Therefore, some
advantage was expected only from a system operating at shorter wave-

length.

The following specifications were assumed.

X = 1 m , 1
GT = 250, > {2-59)
Gp = 10. )

2-24



Hence, we obtain for (2-7)

e = 7.74 x 107 1% .11 dby . (2-60)

At a wavelength of one meter, the average effective sky-noise tempera-
ture 1s according to (2-12) only 230°K or room temperature. While the
receiver noise should be stronger by about 3 db, the highest sky-noise level
will be higher yet due to a factor of 5 or 7 db. This means that we are

safe to assume a noise temperature of

T = 5 - 290 = 1450°K . (2-61)
In th:s case, the noise power and hence the received signal power become
-18 .
P, = P = 60 - 10 watts . (2-62)

If we now assume a transmitted power level of

PT = 0.5 kw (2-63)

the propagation efficiency must be according to (2-7)

e = 12.0 10°%% _1894db) . (2-64)

Hence, the scatterer efficiency must be at least

e = 1.55 . 108 (.78 db) (2-65)
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and the total scattering cross section should be according to (2-9)

J - 2.49 - 10t e, (2-66)

The scattering cross section of a dipole 1s according to (2-35)

6 = 0 238 m?. (2-67)

Hence, the number of coherently scattering dipoles becomes

C_A/ 2 )
n_’V6_324. (2-68)

to

5 :Z" = 510 . (2-69)

To maintain a vrrtical beamwidth of 2. 7 degrees we restrict the array
to 4 layers of 6 dipoles high. Thus. the number of dipole chains becomes
510/24 = 22.

Although the number of dipoles 1s considerably greater than that for
the 10-m wavelength system, they take much less space and can be printed
or taped on the surface of a cylindrical balloon. If we choose a diameter
of 7 m, the circumference of 22 m could accommodate 22 dipole chains at
| -wavelength lateral spacing, therefore, good transparency can be assumed
for uniform 1llumination of all dipoles. The length of the array becomes
21 m so the overall length of the balloon 1s 28 m. A small weight should be
fastened to one end to keep the balloon 1n a vertical position. The balloon
1s illustrated in Figure 2-9. The larger horizontal aperture of the | -m

system reduces the horizontal beamwidth to about 9 degrees.
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The length of the balloon of the | -m system can be reduced considera
bly 1f dipoles were placed in the center in the form of vertical chains. For
reasons discussed above, the density of the phase sh fting dipoles can also
be increased. Some reduction of the average share of each scatterer will
result from the concentrated array so that the total number of scatterers
should be increased accordingly Since the dipoles, however, contribute
very hittle to the weight and cost of the system, the smaller overall size of

the balloon will nevertheless reduce the cost of the system.

The two studied scattering systems are by no means optirmized designs.
They disclose, however. features of such systems from which a more
intelligent approach can be started. More definite operational considera
trons must be 1ncluded in a future study as well as logistics and the cost of

maintaining such communication channels operative.

The soundness of the physical principle has been proven 1n a number of
experiments as described 1n the next section. The commu i1cation path was
scaled down so that the experiments could be performed 1n an anechoic
room of the microwave laboratory. The wavelength was scaled down to
3 cm because sufficient test equipment was available for this band. The
difference between non -coherent back scattering and coherent forward
scattering 1s demonstrated by Figures 2-10 and 2 1l. Forward scattering
by a random array of spherical scatterers was compared with coherent
forward scattering when the spheres occupied only the Fresnel zones of
in-phase contributions as 1liustrated in Figures 2 1l ana 2-12. Because of
the wide aperture and relatively short range between scatterers and the
communication terminals, the zones were determined for a close focus.
Such an arrangement can be compared with a collecting Fresnel lens
However, 1n contrast to the latter, the phasing of the radiation from the
ditferent zones 1s controlled to produce the desired ray path rather than the

refractive etfect, which 1s of secondary importance.

That scatterers can be placed at random positions with respect to the
longitudinal dimension 1s demonstrated 1n Figure 2-11. The effect of

dipole scatterers and their superiority over spheres 1s shown 1n



v 9t Jt Ve 81 21 G

"4 iy

81-

ve-

T —
I——
—

—

i
{

“
auerd und\..:. Juideds wopuey — — -

[# 1uawafuerae
uidop wopues pue Suideds wopuey |

Z# luswaduei.ae ﬂ
yidop wopues pue 3utdeds wopuey ) ‘

yitm Buippe sazayds gf

1amod 13j3edsydeg

aseyd wopura

10j 1amod aBeiaay A

0 218uy sa
'01-2 2andry

I~ &L=

L

__« 86~

JIamod J9jjtwuusued]
molaq qp ut 1amod




Power in db below Transmitter Power

30

35

40

45

50

55

60

s

.

Figure 2-11. Change in Field Pattern
for Three Configurations
of 3/8-inch Spheres
(Forward Scatter)

(N

Pattern w'th no scattering
- lements in field

Pattern with nminety 3/8-inch
spheres in positions indicated by
crosshatched area of Figure 2-20,
randomly spaced in one plane W

Pattern with ninety 3/8-inch spheres 1n
same positions as above but distributed

in random depth W

Pattern with ninety 3/8-inch spheres in

positions i1ndicated by curved areas in
Figure 2-20.randomly spaced in the same Q
place

B in Degrees

I LR L

T T T Ll l LR T L 1 L 1 T T I A\ Y

l
5 10 15 20
2-30



Figure 2-12. Change 1n Field Pattern
1 for Two Configurations
of 3/8-inch Spheres
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Figures 2-11 and 2-13. Two arrangements are compared in Figure 2-13,
a two-dimensio: al arrangement of 24 dipoles 1n focusing Fresnel zones and
a three -dimensional arrangement of the same number of dipoles but un-
t-cused. The three-dimensional distribution follows a cylindiical surface
to simulate the proposed configurations. The dipoles were shaped for the

refractive effect. This shows up clearly when the array 1s upside down.

It should be noted that the direct diffractive propagation from the
transmitter to the receiver was not sufficiently reduced to be 1neffective on
the measurement of the scatter path. Where both transmission paths are
about equal, destructive interference can take place; this explains the deep
depression of the curves in Figure 2-13 around f = 16 degrees. The short-
comings of the indoor model experiments can be overcome by an outdoor
test over greater distances and height, whereby hills should serve as

propagation barriers.
F. Scatter Experiments

Scatter experiments on the various elements of interest were conducted
1n a room approximately 10' x 12' with the walls and ceiling lined with
microwave adsorber to minimize background reflections. The experimen-
tal work was performed at a frequency of 10 kmc with horizontal polariza-
tion of the E field to simulate vertical polarization in the actual forward

scatter case.

A block diagram of the X -band facility is shown in Figure 2-14. The
null -loop method of measurement employed 1000-cycle square wave ampli-
tude modulation of the klystron, a detector, and a band pass amplified for
the null indicator. Scatter signal strengths of approximately 80 db below
the klystron power output can be measured by comparison of both the ampl: -

tude and phase of the scatter signal with the background reflections.
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I.  Backscatter from Spheres

Backscatter measurements were made on 3/8-1nch diameter metal
spheres for various configurations. The diagram of Figure 2-15 depicts
the arrangement of the microwave equipment. The tarpet consisting of the
spheres supported 1n polystyrene foamed plastic was located at a distance
of & feet from the transmitter and receiver horns. The transmitter and
receiver were separated by an angle of 19.5 degrees and the array of
spheres was rotated through approximately + 60 degrees about the bisector
between transmitter and receiver. An absorbing barrier between trans-
mitter and receiver horns prevented direct transmission by way of the

side lobes.

Four sets of backscatter measurements were made from the 3/8-inch
spheres. 'Jhe first consisted of the backscatter versus the number of
spheres 1n the support with the spheres randomly spaced i1n a plane per-
pendicular to the bisector between transmitter and receiver. The results
are shown 1n Figure 2-16. The second measurement 1s scatter signal
versus the orientation i1n angle (0 of Figure 2-15) of a randomly spaced
plane array of forty 3/8-inch spheres. The results are indicated in
Figure 2-10. The two other curves in Figure 2-10 1ndicate backscattering
versus orientation angle for the same random arrangement of forty spheres
except that they are now arranged with random depth as well as random
spacing. The relative placements and depths of the spheres 1s indicated 1
Figures 2-17 and 2-18 for the two arrangements. The straight line of
Figure 2-10 i1ndicates the average backscatter signal theoretically expected

from the number of scatterers used.

2. Forward Scatter from Spheres

The diagram of Figure 2-19 shows the arrangement of the microwave
equipment for forward scatter measurements. The curved absorbing

barrier was constructed to approach, as nearly as possible, ithe actual
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forward scatter problem where only a small . ‘nount of power reaches the
receiver antenna. The power at the receiver antenna at an angle ﬁ from

-5 to 22. 5 degrees without scatterers in the field 1s shown i1n Figure 2-12.

The first arrangement of the spheres was a random pattern of 90
spheres located 1n the foam support so as to fill up the 3 db beamwidth of
the transmitter antenna pattern at the position of the support. This
resulted 1n location of the spheres 1n a circular area of 9-inch radius
flattened to 7 inches at the barrier side. The resultant antenna pattern 1s
shown in Figure 2-12. In order to show the effect of a smaller number of
scatterers optimumly plac:d, one-half of the spheres were removed with
the remaining ones located 1n the crosshatched areas shown in Figure 2-20.
The remaining curve on Figure 2-12 shows the reinforcement of signal
strength at an angle of 20 degrees for which the positions of the layers of

scatterers were calculated.

To increase the effect of optimum placement of scattering elements for
phase reinforcement, the spheres removed from the support were added
for a total of 90 spheres 1n the position shown by the crosshatched area 1in
Figure 2-20. The results of this test are shown in Figure 2-11 with an
increase of about 2 db. The effect of a random depth of the scatter cloud of
spheres i1s also shown in Figure 2-11, indicating the forward scatter is

insensitive to the depth of the cloud if no shielding of th- scatterers takes

place.

The condition for phase reinforcement by optimum placement of
scatterers 18 that the layers for.n segments of concentric rircular ellipsoids
with foc:1 at transmitter and receiver rather than plane surfaces. To simu-
late this condition the shape of the layers was modified as shown 1n the
diagram of Figure 2-20. The scattering characteristics of this arrange-
ment are shown in Figure 2-11 with approximately 3 db improvement over

the case of scattering elements located between plane surfaces.
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3. Forward Scatter from Dipole Arrays

Refcrence to Figure 2-191s again invited since the arrangement of
microwave equipment and absorbing barrier 1s tue same as for forward
scattering trom spheres. The dipoles were cut from #38 copper ware to
lengths which when paired resulted in a refraction of the incident wave
front due to the phase shift resulting from dipoles tuned above and below
the operating frequency. Cellophane tape supported the dipoles on the
foamed plastic structure. In the first test 21 dipole pairs were placed in
the 3 db beamwidth of the transmitter as shown in Figure 2-21. Again,
spacing on arcs of concentric circles 1s for phase reinforcement at a
predetermined angle of receiver with respect to transmitter, in this case
20 degrees. The forward scatter enhancement 1s illustrated by the curve
in Figure 2-13 where the field pattern without scatterers 1n the field is

again inserted for comparison.

A second foamed plastic model was constructed to hold the dipoles in a
cylindrical arrangement to simulate attaching them to a balloon. There
were 24 dipole pairs ittached in a 4-1nch diameter 1n three rings about the
model as shown in Figure 2-22. The field pattern modification for this
arrangement 1s shown in Figure 2-13 1n the case where the refractive
effect of the dipole pairs was boh away from and toward the receiver. The
rotation of the model about an axis through the center of the cylinder
resulted in an oscillation of signal strength of 1 db with the receiver in the
20 -degree position. This showed the effect of shielding of some of the

dipoles by others as the cylinder was rotated.
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1)

2)

3)

4)

Conclusions

Small un.uned metallized spheres would not be feasible as
artifical scatterers at the wavelengths considered (1 to 50
meters).

Metallized balloons could proviae a scatter path but the
large numbers of balloons required coupled with the neces-
sity for constant replenishment make this approach econo-
mically undesirable.

It has been demonstrated that properly spaced tuned dipoles
are very efficient. A single dipole array supported by a
balloon system can be made to provide a scatter communi-
cation path over the maximum range as determined by path
geometry. Balloon size (10 to 30 meters) is not much
larger than the minimum size required to be self -supporting
at 30 km.

An experimental investigation of the possibilities of artifi-

cial scatterers which are small with respect to the wave-
length would be of great interest.
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II1. DELIVERY AND SUPPORT OF SCATTERING ELEMENTS

A. Experimental Study of the Radiometer Eifect to Prevent or Retard
Grawvitational Settling of Small Particles in the Stratosphere

l, Natural Settling of Small Particles

Small particies which might be placed 1n the stratosphere will settle
out 1n time. The rate of removal from the st.atosphere from natural
settling will depend on the particle radius a., 1ts effective density dp. the
air viscosity and density 7 and da' and the mean free path/ . In general,

the settling velocity Vs of solid spherical particles 1s given by *he relation:

2 (d -da)aZgC
- P

. 5, (3-1)

The parameter C 1s the Cunningham slip correction which becomes
significant only when the particle si1ze 1s of the same order as the mean

free path.

The slip correction factor is given by ..

CRE=RN I i Z (3-2)
a
where k depends to some extent on (j/a) as shown 1n Figure 3-1. At the

low densities of the upper atmosphere. molecular ship has a very pro-

nounced effect in increasing the settling velocity of small particles. as may
be seen 1n Figure 3-2.

Since the settling velocity of a particle 1s directiy proportional to its
density (neglecting air density). consideration was given to the use of hol -
low spheres, possibly filled with a light gas, to retard setthing. In tins
case, the particle will exhibit a net reduction i1n density to dp' which 1s

given by:
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d' = —32— (3-3)

where d8 is the density of the skin and (§ is the skin thickness. Equation

(3-3) neglects the weight of gas inside the particle and, therefore, repre-
sents the apparent density when the particle contains the lightest possible
gas or a perfect vacuum. Combining (3-3) with (3-4) settling velocity of a

hollow spherical particle becomes:

gd acC
v =;} .__;i_ (3-4)

Equation (3-4) applies to small particles where for any reasonable skin
thickness (of the order of one micron) and skin density (assumed to be
unity) da' is large compared with the density of air. It can be shown that a
sphere with a skin of this thickness and density must be of the order of
centimeters in diameter to float when filled with hydrogen or helium. In
addition, the rate of loss of such a light gas by diffusion through a one-

micron skin would be exceedingly high.

In addition to spherical particles, consideration has also been given to

cylindrical filaments. The settling velocity of a cylinder is given by:

2
g(dp-da)aC
s 4’7

(2 - InR,) (3-5)

where

2 a da Vs
R, = —,}?— = Reynolds number (3-6)



The slip correction factor C' for cylinders has the same form as C but

4

is less than C for a given p_/a ratio. © [Equation (3-5) 1s valid where

Re < 0.1 and the fiber is assumed to fall broadside-on.

A comparison of settling velocities for hollow spheres, solid spheres,
and cylindrical filaments as a function of particle size for 30 km altitude is

shown in Figure 3-3.

2. Studies on the Radiometer Effect

a. Background

Since small particles placed in the stratosphere for electromagnetic
propagation purposes would settle out more or less rapidly, depending on
their size, this program has included a study of the radiometer effect as a
possible method to prevent or retard settling. 1t has been known for over
a century that a body suspended in a gas and exposed to a radiation source
is acted upon by a force acting away from that source. 5 This apparently
accounts for the dust-free space around a heated wire and the migration of
particles suspended in a thermal gradient.6 Photophoresis, which is the
migration of particles with respect to a strong light source, appears to be

a closely related effect.

The radiometer force is associated with differential heating of a parti-
cle and consequent gas dynamic effects. From the theoretical work of
Epstein7, Sex18, and Hettner9 two regimes exist. Wheni /a & 1 the
force is inversely proportional to pressure, while when [/a D litis

directly proportional to pressure.

In the regime where I is large compared to a, an unevenly neated
particle will give rise to a force due to the difference 1n temperature and
therefore kinetic energy of the gas molecules striking or rebounding from

the hot and cold surfaces, respectively. Thus, if it is assumed that a
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uniform temperature gradient exists across a spherical particle giving a
temperature differential between the poles of the particle of & T, then a

first approximation calculation reveals the force to be:

2
_ a PAT
F = - >pm— (3-7)

where P is the absolute pressure and T the absolute temperature.

The case where f is small compared to a is considerably more diff:-
cult because the dominant effect is due to fluid stresses arising from con-
duction of heat to the surrounding gas. For the photophoresis phenomenon

at high gas pressures, Sex16 and Hetmer7 derived the equation:

2
F oo . kP% AT (3-8)

This equation agrees in form with that of A. Emsteinloand Epstein7
who worked on the theory of the conventional radiometer; however, the
value of the constant k differs for all of these authors since it evidently
depends upon the specific conditions, including the physical properties of
the particle and the gas. In any case, the value of the constant is some-
what academic, since for very small particles it is virtually impossible to
determine the temperature differential A T across the particle.

Although they studied a slightly different case than that of photo-
6

phoresis, the work of Rosenblatt and LaMer "~ is the nearest approach to
quantitative measurement of the radiometer effect with small particles.
They measured the force on small particles suspended in a gas which haed
a uniform thermal gradient. In the absence of other data, however, their
results have been used to estimate the order of magnitude of the force

produced when the gas receives its heat from the particle.



Arn analysis of the [‘csenblatt data reveals it does fit the form of
Equation (3-8) as shown in Figure 3-4. The equation has been rearranged

to the form:

F kP ,F
—_— = - (L) 3-9)
TaaT 7T Va (

J

2
F . .
and — plotted against P(T) (see Figure 3-4). Over most of the
Ta~" AT

range of experimental data, a linear relationship is observed.

Based upon the Rosenblatt data and Equation (3-7), Figure 3-5 has
been derived to show the order of magnitude of the radiometer force to be

expected for small particles.
b. Special Particles having a Radiometer Effect

Particles in the high stratosphere exposed to solar radiation might be
expected to experience heating. If, however, the side of the particle
exposed to the sun became warmer, the result would be a force acting away
from the sun or in the same direction as gravity. The opposite effect or
negative photophoresis is known. A particle which might exhibit negative

photophoresis is shown in Figure 3-6.

If a particle transparent to infrared were coated on one side with a
strong absorber such as graphite, the effect would be achieved. The fluid
stresses resulting from the temperature gradient should produce a torque
tending to keep the particle oriented with the warmer side away from the

sun, thus producing a radiometer force toward the sun or opposing gravity.
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Figure 3-6. Particle which would Exhibit Negative
Photophoresis or Motion toward the Sun

c. Experimental Study

Because little or no quantitative data exists on the forces produced by
differential heating of small particles, an experimental program was under-
taken. Figure 3-7 shows the experimental set-up photographically and
Figure 3-8 is a schematic diagram of the set-up. The apparatus is essen-
tially a torsion balance suspended in a vacuum system. The system is
evacuated by means of a Welch Duo-Seal vacuum pump and a Consolidated
Vacuum Corp. air-cooled o1l diffusion pump. An Alphatron vacuum gate
and controller indicates the system pressure. A check calibration of the
Alphatron gage was made against an ""Octoi1l S'" manometer. A catheto-
meter was used to determine level changes in the manometer. It was found
that each set of readings were within the limits of the Alphatron (+2%) and

the experimental limits of the test method.

As shown in Figure 3-8, an 80-micron diameter quartz fiber, approxi-
mately 22 cm long is suspended in the center of a vacuum chamber. The
end of the fiber is attached to the center of a quartz rod such that the rod
is perpendicular to the fiber. At each end of the quartz rod is a test
sphere or vane. The torsion coefficient of the fiber was determined for

each new set of test spheres or vanes.
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The test items were: 1) a 13-mm diameter, thin-walled, hollow
quartz sphere, 2) a 6-mim diameter, thin-walled, hollow quartz sphere,
and 3) an 0,0l -mm diameter, 1.502 m long glass fiber wound on a 1 cm?
quartz supporting vane. Each sphere had a hole and thus the interior of
the sphere was at the same pressure as the environment. The spheres
were blackened on one side by exposing the spheres to a carbonizing ‘lamre
and then wiping 1/2 of the sphere clean. The fibers were more dilt. alt to
blacken. It was accomplished by vacuum depositing carbon on a properly

masked vane containing the fibers.

Two different radiation sources were used. The first was a 3-position
Westinghouse microscope illuminator lamp (18 amps, 6 volts). All the
reported data on the spheres and fiber were obtained with this lamp. In
addition, for the fibers an attempt was made to use a zirconium arc
source. However, it was found that the fiber vanes moved when exposed to
this source whether or not fibers were present. The area of radiation was

controlled by means of a variable diaphragm.

The radiation flux received by the samples was determined by the use
of a foil calorimeter. A platinum foil, 1 cmZ and 50 microns thick, was
blackened on one side by a carbonizing flame. To the other side, a dif-
ferential copper-constantin thermocouple was attached. This calorimeter
was calibrated by utilizing as a standard a Barnes Engineering Co. black

body source.

In order to observe and measure the deflection of the torsion system,
a telescope, scale, and reflecting mirror were utilized. The mirror was
placed at the point of attachment of the torsion fiber and the quartz rod.
An illuminated scale reflected in the mirror and observed through a

Gaertner Scientific Co. telescope gave a measure of the deflection.

To prevent interference from outside radiation and reflections, the
vacuum chamber was enclosed with black paper. There were only openings
for the radiation source and for viewing the mirror as can be seen in

Figure 3-7.
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d. Results of the Experimental Study

The experimental results are summarized in Figure 3-9, Figure 3-10,
and Table 3-1. Figure 3-9 gives the force per unit cross-sectional area
over a range of system pressures for the 13-mm diameter sphere at two
different radiation intensities. As expected, in the region of maximum
force, the greater radiation flux gave the larger force per unit cross-
sectional area. However, as can be seen in Table 3-1, which gives values
at maximum deflection, the force per unit radiation flux is almost the
same. If one takes into consideration the probable experimental error
involved in the measurements and calibration, the two values 0. 477 dynes/

watt and 0. 442 dynes/watt are in experimental agreement.

A reduction in the size of the spheres from 13-mm to 6-mm diameter
appeared to increase the force j» r unit radiation intensity from 0. 477 to
0. 673 dynes/watt. This may be uue to non-uniform radiation intensity.
The outer portion of the radiation beam is probably weaker than the center;

therefore, the small sphere would receive a larger intensity per unit area.

The rather low force per unit radiation intensity, 0.096 dynes/watt,
exhibited by the 0. 0l -mm diameter glass fiber is probably due to the rela-
tively higher rate of thermal conductivity across the small diameter solid
fiber. Since, as previously discussed, a temperature differential between
the two halves of the body is required, it is therefore expected in this

instance that a relatively small force, 1f any, would be exerted.

Figure 3-10 gives the force per unit cross-sectional area over a range
of system pressures for the 13-mm and 6-mm diameter spheres for ex-
posure to the same radiation intensity of 0. 049 watts/cmz. In addition,
there is a relationship for the 0.0l -mm diameter fiber exposed to a radia-
tion flux of 0. 059 watts/cmz. This figure indicates that there is a change
in system pressure (which is related to the mean free path) at which the
maximum force is exerted for each size sample. However, the change is

not as dramatic as would be expected from the theoretical considerations.
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e. Conclusions of the Experimental Study

It was concluded that at the altitude of 30 km. the area of our proposed
operation, there would be no discernible force due to radiometer effect.
Using the data obtained on the 6 -mm diameter sphere and assuming the

following:
1) a linear force per unit radiation intensity relationship
2) a solar radiation intensity of 0. 138 dynes/cm2

3) an insulating material of poor thermal conductivity with a
density of 1]

4) the material can be made i1nto a hollow sphere with a shell
thickness of 0.001 mm

&) no other settling force 1s acting on the sphere other than
gravity,

calculations showed it would require a 4-mm diameter sphere at an altitude

of about 75 km to obtain suspension due to the radiometer effect phenomenon.
B. Delivery and Support of Large Scattering Elements

1. Introduction

This section covers studies of techniques for delivery and support of

large scattering elements for 1improvement of electromagnetic propagation.

Several different types of large scattering elements have been studied
including 1) metalized balloons 2) conventional linear dipoles, and 3) special
dipole configurations. The discussions presented in the following para-
graphs deal with the problems involved in the delivery of these elements to
altitudes between 30 and 40 kilometers so they will be properly located and

maintain the effectiveness of the scattering system for a practical duration.



At this point it is convenient to divide the problem into two areas
1) the support of the scattering elements and 2) the delivery of the elements
and required supporting system to the required location. Because the
phy-ical characteristics of the supporting system have a strong influence
on the delivery approach selected, the problem of support will be discussed

first,

2. Support of the Scattering System in the Atmosphere

Methods have been considered for supporting the scatterers in the
atmosphere to provide a useful duration over which time scattering ele-
ments will be available to improve communication. The factors involved
1n the limitations on the useful duration of the system are the rate of verti-
cal descent (due to gravity) of the scattering elements, and the horizontal

velocity of travel of these elements due to atmospheric circulations.

Studies of atmospheric circulation, found in Appendix B, have deter-
mined that this consideration will limit the useful duration of any free-
floating scattering elements to approximately 1 to 6 hours, depending on
the local wind velocity. Therefore, no incentive exists to provide a dipole

supporting system capable of a duration longer than approximately 6 hours.

Systems depending on 1) aerodynam.c forces and 2) buoyancy appear to

offer the most reasonable solutions.
a. Aerodynamic Systems

The function of an aerodynamic system would be to limit the rate of
descent of the scattering elements so that for periods of 1 to 6 hours they

are contained within altitude limits which are compatible with the communi-

cation requirements.

The simplist form of such a system would be one depending on aero-
dynamic drag, basically the parachute approach. A more elaborate

approach would be to employ aerodynamic surfaces which will yield a
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smaller descent rate such as the 11 .1 concept. The potentialities of

these approaches are discussed separately in the following paragraphs.

(1) Parachutes. - The settling rate of a parachute is ngenl Iby

r__
V = 'ajt—zw (J’lO)
8 a D S)

where
W = weight of the suspended load and parachute
da = air density
CD = drag coefficient
S = cross-sectional area of the parachute

Conventional parachite practice is to design for descent rates of
approximately 5 to 15 meters per second. For the support of dipoles, the
maximum tolerable descent rate would be approximately 3 m/sec, which

would result 1n the loss of 124km/hr altitude.

The canopy loading (mass/area) required for this velocity at sea level
is approximately 580 gm/mz. Since the air density at 30-km altitude is
approximately 1/70 of that at sea level, the required loading would be
8 gm/mz. The lightest Mylar parachutes which can be envisioned for this
purpose would weigh approximately 15 gm/m2 for the parachute alone.
Therefore, the conclusion 1s that the descent rate of parachute systems at

30 -km altitude will be too high to provide useful support of the dipoles.

(2) Gliders. - Gliders, being more efficient aerodynamically than
parachutes, deserve consideration. A typical figure-of -merit for a con-
ventional low-speed glider 1s a 20-to-1 glide ratio. Assuming that this
could be maintained in a light-weight, high-altitude glider, and that the
flight velocity could be limited to 40 m/sec, the descent rate would be

2 m/sec, which is within the range of interest in this application.
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In order to maintain the low-flight speed mentioned previously, it will
be necessary to develop an extremely light-weight structure, where the
wind loading is reduced radically (factor of 10 or more) from conventional
practice. A likely method of construction would be a shaped, constrained,
inflated body. Small aircraft with inflatable wings have been successfully
demonstrated. Such a glider could conceivably be launched from a small
rocket, such as the Arcus rocket. However, the problem of inflating the
glider is basically the same as delivering a balloon system, which has the
advantage of the buoyant gas and constant altitude maintenance over longer
period. Therefore, 1t appears that the glider system would not be a pre-

ferred approach.
b. Buoyancy Systems

(1) General. - Consideration has been given to supporting
scatterers by balloons. Such a system could take the form of many bal-
loons, either with a conductive coating or carrying one or more dipoles,
or one larger balloon carrying many dipoles in an ordered array. The
latter system appears to be the best for the following reasons

1) The relative position of the dipoles is maintained so the
dipoles may be used most efficiently.

2) At altitudes of 30 km or higher, the size of the balloon
required to carry an ordered array of dipoles will not be
greatly different than that of a balloon for a single dipole.
This situation occurs because the mass of the dipoles will
be small compared to the balloon, so a small increase in
volume will permit the system to be in equilhibrium.

3) Proper delivery and inflation of a single balloon is more

easily accomplished than placement of a large number of
balloons to serve the same purpose.

(2) Arrangement of Dipoles. - In the single-balloon system dis-

cussed in paragraph (1), the dipoles could be arranged in several ways.

The three arrangements that appear most practical are
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1) dipoles suspended in a long chain below the balloon

2) dipole conductors factened to the balloon skin at selected
points to maintain the desired arrangement

3) dipoles placed directly on the balloon skin, by employing
printed circuit techniques.

Of these arrangements, the first configuration appears to be the most
flexible because the dimensions of the dipoles are 1ndependent of the size.
shape, material and method of fabrication of the balloon. However, the
latter two configurations also have attractive features, such as compact-
ness and a minimum chance that the desired array of dipoles will be dis-

placed by wind-shear effects.

The electronic performance of the dipoles 1s discussed extensively in

Section 1I of this report.

(3) Size of the Required Balloons. - The volume of a balloon which

will float in equilibrium at a given altitude is directly proportional to the
total mass of the system, including the balloon itself and the payload. In
this case the total mass equals the buoyanc produced which 1s equal to the
mass of the air displaced minus the mass of the lifting gas;

WL+ W, = V_( - ) (3-11)

B L B 1
where:
WB = the mass of the balloon
WL = the mass of the payload
VB = the volume of the balloon
fla = the density of the air at the altitude 1n question

. = the density of the lifting gas at the floating condition.
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Equation (3-11) may also be written in the form

_ Pa Ma
Wg+ W, = 'ES'T‘&’ (3-12)

where:

Pa and P_ = the absolute pressures of the air and the lhfting
g gas, respectively.

Ma and M = the molecular weight of the air and the lifting
g gas, respectively

Ta and T_ = the absolute temperatures of the air and lifting
g gas, respectively.
R = the umiversal gas constant.

In determining the size of stratospheric constant level balloons, it s
generally assumed that Pa and Pg are equal and Ta and Tg are equal. Itis
well known that there are common exceptions to both of these assumptions.
but they have a minor influence on the required size. Equation (3-12)

becomes.

a
W_ + W = VE3|Tr1r;ﬁ (hda -hﬂg) (3-13)

The lifting gases commonly used in balloons are helhum (M=4) and
hydrogen (M=2). It can be seen that, although hydrogen 1s one-half as
dense as helium, the net effect on the size of a balloon system 1s small,

3ince

hydrogen, Ma - Mg = 27

I

hehum M - M 25
a g
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Recognizing this small difference, helium 1s selected most frequently
becaus: it i8 safe to handle. At standard sea level cond.tions, Equation

(3-13) reduces (for helium) to

W+ W

B L= 0.94 VB (in Kg/m3 at sea level)

If we introduce a term, &, which is the dimensionless ratic of the air

density at any altitude 1n question to that at sea level, we have

W, + W, - 0.949c5V

B L 13-14)

B

where W and W, are in kilograms and V, 1s in cubic meters.

B L B

(a) Spherical Balloons. - To investigate an example system we
will assume
1) Altitude 30 km, where o = 1/70
2) WL negligible compared to WB
3) Spherical balloon shape, for which

_ 2
WB = 4Tr°t dm
and
V., = 4/37 >
B
where:
r = the balloon radius
t = the thickness of the skin
drn = the density of the balloon material

3-25



then:
sl = %2 s
tdm - 92_1%‘1
and
TH= 223tdm

For a minimum weight balloon, two common materials are

Mylar d,, = l.4x103kg/m3

M
minimum thickness, t = 6.3 x 10'6 m
and
" 3 3
polyethylene dy, = 0.9 x 10 kg/m
minimum thickness, t = 12.6 x 10-6m

Therefore, for the Mylar balloon at 30-kra altitude,

= 223th = 223 46.3x10'6)(1.4x103)

= 2.0 meters

For the polyethylene balloon at 30-km altitude

223 td,, =223 (12.6 x 10'6) (0.9 x 103)

M

-
"

fad

2.5 meters
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(b) Natural-Shape Balloons. - Balloons which are vented to the
atmosphere (at the lowest point while they are floating) assume a '"'natural"

shape, as shown i1n Figure 3-11,

Internal : /
Stand Pipe A /

Open

Figure 3-11. Natural-Shape Balloon

This shape results from the combined eftects of the weight of the skin,
the load, and the pressure distribution caused by the gas. Although the
shape varies somewhat with variations 1n these parameters, the volume 1s

approximately

For the spherical balloon,

Vg - 4/37 3 - 4.2 13

It can be seen from the above that for a given volume the radius of the
natural -shape balloon will be slightly larger. However, this difference 1s

so small that the main findings are not altered.



(c) Conclusion Relative to Balloon Size. - As shown 1n paragraph
(a), spherical balloons of approximately 2. 0 meters (Mylar) or 2.5 meters
(polyethylene) theoretically meet the minimum requirements for supporting
a neghigible load at 30 kmi. In actual fabrication of balloons, the seams and

end-fittings increase the weight slightly, so that @ modest increase 1n the

required si1ze results.

(4) Balloon Flight Duration. -

(a) Unpressurized Balloons. - The flight duration of a vented,
free-floating balloon 1s limited by diffusion through the skin and thermo-
dynamic effects. The main thermodynamic effects of interest to us are

associated with sunset and sunrise.

During a daytime flight the gas inside the balloon 1s heated somewhat
by the sun. Expansion drives some of the gas (~10%) out of the balloon,
through the open vent at the base of the balloon. The immediate effect of
this is only to make the balloon rise slightly because of the reduced density
of the lifting gas. However, at sunset, the gas contracts which upsets the
equilibrium. If no correction action 1s taken, this causes the balloon to
descend. In the case of the vented (unpressurized) balloon this effect 1s the
main consideration and normally limits the flight duration to less than ¢4
hours. Two techniques are commonly employed to counteract this effect
and extend the flight duration. They involve the use of ballasted balloons

or pressurized balloons.

(b) Ballasted Balloons. - Ballasted balloons are capable of flight
at reasonably constant (but increasing) altitude for periods of seve_-al weeks.
However, for long duration rather large balloons are required which carry
a large fraction of the gross system mass as ballast. At each sunset,
ballast (amounting to about 10% of the gross system mass) must be released

in order to counteract the cooling of the gas. Thus, by doubling the mass
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of the system by adding ballast, a duration can be extended to several
days. The operating altitude increases modestly each day as a result of

the change in system weight.

(c) Pressurized Balloons. - It has been shown that the sunset
effect can be counteracted with a pressurized balloon. In this technique a
nearly constant volume system is maintained in constrast to the vented
balloon which contracts at night by storing energy in the highly-stressed
skin. At sunrise, the tendency for the (sealed) balloon to expand s coun-
teracted by strong balloon skin, usually made of Mylar. Thus, the internal
pressure rises, and the skin-stress increases. but the weight ot air dis-
placed and the mass of the lifting gas stay essentially constant. At sunset,
the balloon returns to its original condition with no (theoretical) change 1n

altity de.

Pressurized balloons are not extremely reliable 1n practice because of
the high (daytime) stresses 1n the skin and the high differential pressure
which will cause leakage through small 1mperfections 11 the balloon. The
ballasted balloons discussed in paragraph (b) are considerably more

reliable.

(d) Conclusions on Balloon Flight Duration. - In the typical
meteorological situation, the wind velocity will be high enough to limat the
useful life (due to horizontal travel) to a few hours. Therefore. the
unpressurized balloons, discussed in (a), will be adequate. Hocwever, it
may be worthwhile to also develop ballasted balloons, capable of longer

duration. for use when low stratospheric wind velocities prevail.

3. Delivery of Balloon-Supported Scattering Systems

Three possibilities for delivery of this type of system have been inves -
tigated. These include first, the launch of the balloon from shipboara,
secondly, the launch of the balloon from an aircraft, and third, rocket-

launched balloons. Shipboard-launched balloons would be practical only 1f
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a launching ship were available in the approximate area over which the
scattering e'ements were required. For this case simple procedures could
be employed to deliver balloons to an altitude of 30 km, rising 1n a period
of approximately two hours due to their natural buoyancy. As balloons
carrying scattering elements are displaced from the area of interest by the
wind, additional balloons could be launched from the same ship as replace-

ments.

Perhaps the mos. promising approach is the use of rockets carrying
balloon systems. This approach would permit repeated delivery of the
scattering elements to the required location and continuous support there -
after (1f required) by repeated launchings of the same type. In order to
employ simple rockets such as the Arcus, which has a payload capacity
of approximateiy 25 pounds when operating in this altitude range. a ship-
board launching situation would again be required. The major 1item 1n the
rocket payload will be the 1nflation gas container, which can be expectel to

weigh approximately five times the mass of the balloon system 1t launches.

Long range delivery of balloon systems by rockets 1s entirely possible
but would require considerably more elaborate rocket vehicles. In the
case where 1t 1s necessary to deliver scattering elements to a Incation near
the midpoint of a very long communication hink, larger rockets delivered
in a parabolic trajectory would be required. The economics of the approach

are questionable except under emergency conditions.

The use of aircraft for dehivery of the balloon system appea.s to be
reasonable only in the case where the meteorological situation will permit
a long useful duration of the balloon system. That is, 1t would be practical
to deliver the system several hundreds of miles from the home base only
during periods where balloons would stay 1n the area of interest for many

hours. It s believed that adequate launching systems could be developed

for this case.

As stated earlier, dehvery of balloon-supported dipoles by rockets
appears to be the best approach. For the case of a vertical rocket trajec -

tory, the balloon would be i1nflated and ejected while the rocket was moving
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at low velocity near the top of the t ajectory. Where longer range and a
parabolic trajectory are required, it 1s believed that a capsule must be

released from the rocket which 1s equipped with a drag system (or retro-
rockets 1n the most sophisticated system) for deceleration of the halloon

package before inflation.

With respect to a field test of a system of this type for improvement of
communication, we believe that a vertical rocket trajectory should be em-
ployed. The performance of the delivery system could be demonstrated in
connection with experiments to evaluate the effectiveness of the scattering

elements.

C. The Effect of Meteorology on the Useful Life of Scattering
Elements

1. Introduction

Mean monthly maps of zonal winds. for the Arctic, North Atlantic, and
North America., given 1n Appendix B, are used to describe the probable
duration of tuned dipoles released at 30 km. Frequencies of wind direction
are not discussed here 1n detail because for a given instance the direction
will be known and an appropriate launch can be made. The time to transit
the area 1s a function only of wind speed. The maps are excerpts from
those prepared for Contract ONR 1589(20), supplemented by all data avail-
able at Asheville, North Carolina within the past five years for the areas of
spectal interest. The map coverage includes areas of experimental and

operational interest.

2. Discussion of Zonal Wind Speeds at 30 km

In January strong westerlies (80 to 100 knots) prevail from 50°N to
90°N over the North Atlantic, while weaker westerlhies (20 to 40 knots) are

present over the continental United States. The pattern of zonal winds 1s
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much the same in February with the exception that the speed of the wester -
lies decrease over continental North America and the Artic. In March,
although the frequency of westerlies remains high, their speed has been
reduced over the entire area. Polar and tropical easterlies appear 1n
April on the respective sides of a band of westerlies extending from 30°N
to 60°N. The maximum speed of the westerlies is 30 knots while that of
the easterlies 1s 20 knots. By May the westerlies have vanished and weak
easterlies prevail throughout the region encompassed by the map. In June,
July, and August, easterlies prevail, their speed gradually increasing to
40 knots over the southern half of the continental United States. The
westerlies suddenly appear in September north ot 50°N. Their maximum
speed is 25 knots in a belt extending from 50°N to 60°N. South of 50°N,
the winds are easterly with representative speeds of 20 knots. In October
and November westerlies prevail north of 30°N. Speeds of 30 to 40 knots
are representative of the Arctic and North Atlantic regions while over the
continental Unite] States, the speed of the westerlies is between 20 and 30
knots. Strong westerlies appear ove: Alaska in November reaching a speed
of 60 knots. In December the pattern resembles that of January with 80-
knot westerlies prevailing over the North Atlantic between 60°N and 80°N

and winds of 20 to 40 knots occurring over the continental United States.

These zonal wind patterns may be summarized by saying the winter
(October to February) has variable but generally strong prevailing westerly
winds, and the summer has relatively constant, light easterly winds. It 1s
to be realized that large variations i1n wind speed and direction may occur
from September to May depending upon the orientation and movement of
transient pressure centers and their associated gradients. The smaller
features do not usually recur 1n a given area each year nor 1s the timing of
the formation and breakdown of the large-scale seasonal vortices constant.
One can expect, however, that the summer easterly circulation at highest

latitudes is organized not later than the latter half of May and is destroyed

not later than mid-September.
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The present patterns at this level are sufficiently large scale and
develcp slowly enough so that forecasting winds over a given region 1s in

many instances more rehiable than at surface levels.

Table 3-2 gives estimiates of the time 1n hours that a balloon carrying
tuned dipoles can be expected to remain within an area of effective com-

munication 128 kmn wide (Appendix A) at 10 mb (30 km) for three locations.
These estimates should be considered maximum average durations as

1)  1The maximum trajectory across the effective relav volume
has been used.

2) Zonal component spceds were used rather than scalar
speeds which are shightly higher.
If release 1s made at 40 km, the winds will be stronger. but as the dis-
tance will also be greater, the useful duration within the volume should not

be much different.

Table 3-2. Estimated time to the nearest one -half hour that an object
will remain within a belt 128 km wide at 30 km alt:tude

Eocaibal
Month Iceland Port Barrow (Alaska) Omaha, Nebraska
January 1 1.5 2
February 1 2 3
March 1.5 2.5 2.5
April 5 5 3
May 4 6 5
June 3 4.5 3
July 3.5 5.5 2.5
August 7 7 3
September 4.5 5 10
October 2 2 3.5
November 1.5 2 3
December l | &



1V. BRIEF DESCRIPTION OF THE PROPOSED SYSTEM

While incomplete 1n that tuned scatterers much smaller than a wave-
length were not investigated, our studies have led to an intermediate sys-
tem which we consider economically feasible and useful in many situations.
It has been theoretically demonstrated in this report that 1t would be possi -
ble to create a useful scatter propagation path over 1430 km by placing a
configuration of about 50 tuned dipoles at 30 km altitude at a point midway

between the receiver and transmitter.,

Because replacement of the scattering ystem will often be necessary
every few hours due to weather conditions, a rocket delhivery system
appears to be the most feasible (alternate delivery systems are discussed
in paragraph 111. B. 3). A ship near the center of the desired communica -
tion path would fire a rocket similar to those used 1n meteorological sound-
ings, 1n the upwind end of the volume of interest (see Appendix A). The
balloon and scatterers would be released at altitude and drift through this
voiume with the wind. When the scatterers drift out of the critical volume
of space, the system would be destroyed on command of the launching ship

and be replaced with a new scattering system.

Placing the scatterers at the path midpoint 1s necessary only when
communication over the maximum range of 1430 km 1s required. For
ranges less than 715 km, the scatterers could be launched by tne party

wishing to establish the communication link.

Because this system employs so few airborne elements, the control of
these elements becomes much simpler. Each ‘scattermg system would
carry a simple self -destruction unit to operate on command from the
ground or from an internal timer. The chances that these scatterers would

offend friendly or neutral nations or fall 1nto the hands of unfriendly nations

would be remote.



V. PROPOSED PROGRAM

The first step in a program designed to equip the Navy with the ability
to improve electromagnetic propagation would be to prove the clements of
the system. Work to be conducted would include.

1) Field testing of the dinole configuration descr'bed .n para-

graph II. A over a range great enough for suppression of
the direct propagation path.

2) Investigation of techniques of packaging the dipole con-
figurations with supporting balloons.

3) Development of methods of deploying the balloon and
dipoles from the rocket payload housing while ensuring
proper balloon inflation at altitude.
Concurrent with the practical development of the necessary techniques
a study would be conducted for the development of optimum dipole con-

figurations for other frequencies.

After development and testing of the various techniques, field testing
of the entire system should be carried out at sea. Dipole arrays would be
built for the specific frequencies of interest and rocket launched at sea

The scatter communication path could then be evaluated under actual con-

ditions.
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APPENDIX A

GEOMETRY OF SPACE
WITHIN WHICH SCATTERERS WOULD BE USEFUL
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In order to estimate deployment feasibility and probable useful life due
to settling and meteorological conditions, the space within which a scatter-
ing system would be useful must be defined. This space would have an
ultimate upper al!titude limitation at the bottom of the ''D'' layer of the
1ionosphere (about 50 km), and may also be limited practically by the
deployment or lifting technique employed. As previously mentioned. the
scattering system must be above both the plane tangential to th: earth's
surface at the receiver and the plane tangential to the earth's surface at the
transmitter. This geometry 1s illustrated in Figure A-1. The heavy lines
enclose the discussed space of interest. The dimensions of this space 1n
terms of minimum altitude (h), maximum altitude (h+4Ah) and the earth's
radius (P) follows. This sperhical section has a depth of (ah), its short
dimension (a) 1s along the propagation path and 1ts long dimension (b) 1s

perpendicular to the propagation path.

The dimensions of this space for two cases are given in the following

examples.

Example I.

P-850km. h = 30km, A&h = 5 km

oC = e = e cos f = Gk
cos o< = o ©s B = TV TRIAR * Prhich
_ 8500 _ 8500 _ 8530
- 8530 - 8535 - B8535
o« = 0.0840 g = 0.0915 J = 0.0346

2 §(P+ htah)

d = 2xPp a = 2(B-«)(P+h+tah) b

2(0. 0346) (8535) km

2(0.0075) (8535) km

2(0. 0840) (8500) km

128 km 591 km

1,428 km

"
H
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Example 2-

P - 8500km, h =
cos X = eih
8500
- B530
= 0.0840
d = 2x¢@
- 2(0.0840)(8500)km
d = 1,428 km

30 km,

COS -

oY)
1]

*Y
1l

OAh = 20km

"+ h+sh

8500
8550

- = 0.1081

2(B -~} P+ htah)

2(0.0241)(8550)km

412 km

b

"

4 n
P+ h+sh

cos X =

8530
8550

0.0683

28 P+ h+a h)

2(0. 0683)8550)km

1, 168 km



APPENDIX B

AVERAGE ZONAL COMPONENT OF PREVAILING WIND
IN KNOTS BY MONTH AT 10 mb (30 km)



The graphs i1n this appendix show the zonal component of prevatling
wind 1n knots at 10 mb (30 km) for each of the twelve months of the year.
The dashed line represents the boundary between the prevailing east and

west wind.
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